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ABSTRACT 

Engineer ing  des ign  models are proposed f o r  the 
p e n e t r a t i n g  r a d i a t i o n  hazards  of space. Charged p a r t i c l e  
and e l ec t romagne t i c  r a d i a t i o n  i n  g a l a c t i c  and s o l a r  cosmic 
r a y s  are d i scussed  as well as t r apped  p a r t i c l e s  i n  n a t u r a l  
and a r t i f i c i a l  b e l t s .  



FPREWORD 

It i s  t h e  purpose of' t h i s  document t o  provide  a set  
of models which w i l l  assist the  Apollo d e s i g n e r  i n  c a l c u l a t i n g  
the r a d i a t i o n  hazard  t o  the a s t r o n a u t s ,  I n  a d d i t i o n  t o  t h e  
environment which i s  desc r ibed  here the s p a c e c r a f t  d e s i g n e r  
must a l s o  cons ide r  the t r a j e c t o r y  and t h e  e f f e c t i v e  v e h i c l e  
s h i e l d i n g .  

T h i s  compi la t ion  is b e l i e v e d  t o  be complete and up 
t o  date. It i s  reques t ed  t ha t  omissions and c o r r e c t i o h s  be 
brought t o  t he  a u t h o r s '  a t t e n t i o n  i n  o r d e r  t h a t  t h e  model may 
s e r v e  as a r e a l i s t i c  s t anda rd .  

Probable  e r r o r s  are quoted where it i s  reasonable  
t o  do  so. Otherwise an u n c e r t a i n t y  of  a f a c t o r  of two i s  t o  
be understood.  

T h i s  document i s  a r e v i s i o n  of an ea r l i e r  r e p o r t  
i s s u e d  as a Bellcomm Report on January  31, 1963, which it 
supercedes.  Major changes have been made i n  S e c t i o n  3 ,  
where e x p o n e n t i a l  r i g i d i t y  s p e c t r a  have been used, and 
S e c t i o n  4, where newer data on t rapped  r a d i a t i o n  have been 
used. 



MODELS FOR SPACE ENVIRONMENTAL HAZARDS R A D I A T I O N  

1.0 I N T R O D U C T I O N  

The Apollo a s t r o n a u t s  w i l l  be s u b j e c t  t o  p e n e t r a t i n g  
r a d i a t i o n  from t h r e e  major s o u r c e s o  These are (1) s o l a r  f lares ,  
( 2 )  Van Allen r a d i a t i o n  b e l t s ,  and ( 3 )  t h e  galaxy,  G a l a c t i c  
cosmic r a y s  o f f e r  r e l a t i v e l y  l i t t l e  hazard ,  On t h e  o t h e r  hand, 
p a r t i c u l a t e  r a d i a t i o n  from t h e  sun  and e n e r g e t i c  t r apped  e l e c t r o n s  
and p ro tons  i n  t h e  Van Allen b e l t s  p r e s e n t  a s e r i o u s  hazard, 
Models are given d e s c r i b i n g  t h e  f l u x e s  and s p e c t r a  and t h e i r  
t i m e  var ia t ion . ,  For completeness,  a s s o c i a t e d  e l ec t romagne t i c  
and o t h e r  co rpuscu la r  r a d i a t i o n s  a r e  also covered, 

2.0 G A L A C T I C  C O S M I C  RAYS 

G a l a c t i c  cosmic r a y s  have been under s t u d y  f o r  many 
decades. Thei r  sou rces  have only r e c e n t l y  been more o r  less 
agreed upon as t h e  supernovae which are observed i n  the  Milky 
Way Galaxy a t  t h e  ra te  of one every  few c e n t u r i e s o  I n t e r s t e l l a r  
magnetic f i e l d s  provide s t o r a g e  and some a c c e l e r a t i o n  which 
make t h e  a r r i v a l  of cosmic r a y s  i n  t h e  s o l a r  system e s s e n t i a l l y  
uniform i n  t i m e  and d i r e c t i o n ,  Magnetic f i e l d s  and f l u c t u a t i o n s  
t h e r e o f  n e a r  t h e  earth cause d i r e c t  obse rva t ion  t o  be iess 
uniform, 

Actual  i d e n t i f i c a t i o n  of t h e  c h i e f  p r i m a r y  components 
as p o s i t i v e l y  charged n u c l e i  of va r ious  elements  has  only 
occurred i n  t h e  past f i f t e e n  y e a r s ,  T h i s  was mainly because 
v e r y  high a l t i t u d e s  must be  a t t a i n e d  for such s t u d i e s ,  

B i o l o g i c a l  and material e f f e c t s  of t h e  p r i m a r y  
g a l a c t i c  cosmic r a y s  are r a t h e r  minor even o u t s i d e  t h e  e a r t h ' s  
p r o t e c t i v e  atmosphere and magnetic f i e l d ,  

2 .1  Protons 

The va lue  of 2,O + 0,3 protons/cm2 - sec  f o r  energy 
above 40 MeV i s  w e l l  known1-for t h e  f l u x  a t  t h e  time of maximum 
sunspot OccuPrence, A t  s o l a r  minimum t h e  g a l a c t i c  f l u x  may 
i n c r e a s e  by a f a c t o r  of two because a t  such times t h e  s u n * s  
magnetic f i e l d  provides  less s h i e l d i n g  t o  t h e  earth Above 
10 BeV the  i n t e g r a l  energy spectrum v a r i e s  a s  kE-los6 



2,2 

The data of Johnson2 for t h e  composition of g a l a c t i c  
cosmic r a d i a t i o n  i s  given i n  Tab le  I ,  

The energy spectrum ( p e r  nucleon)  obeys roughly 
the same E- lQ5 law as quoted i n  2,l f o r  p ro tons ,  
r e l a t i v e  abundances are s u f f i c i e n t l y  d i f f e r e n t  from o rd ina ry  
geologic ,  s o l a r ,  or s t e l l a r  abundances t o  a id  i n  t h e  a fo re -  
mentioned i d e n t i f i c a t i o n  wi th  supernovaeo 

These 

Hydrogen 

Helium 

Lithium, Beryll ium, Boron 
( c o l l e c t i v e l y )  

Carbon 

R e l a t i v e  G a l a c t i c  

1 

7 x l oo2  

Nitrogen 1 10-3 

Oxygen 

10 z 5 30 

Z 2 30 

2 x 10-3 

1. x 10-3 

< I  x 

Table I - Relative composition of g a l a c t i c  cosmic r a d i a t i o n  

203 E l e c t r o n s  and Gamma Rays 

No d e f i n i t e  informat2on i s  a v a i l a b l e  on g a l a c t i c  
cosmic r a y  components of  t h e s e  s p e c i e s ,  We assume the  numbers 
are n e g l i g i b l e ,  (See 3 6 5  - 3 0 7  on s o l a r  ekec t rons ,  gamma r a y s ,  
and the s o l a r  Wind,) i 
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SOLAR C O S M I C  RAYS 

Beginning i n  1956, occas iona l  b u r s t s  of e n e r g e t i c  
p a r t i c l e s  o r i g i n a t i n g  on t h e  sun have been observed i n  t h e  
v i c i n i t y  of the  ear th ,  These b u r s t s  of p a r t i c l e s ,  now commonly 
c a l l e d  s o l a r  cosmic r ay  e v e n t s ,  were no t  d e t e c t e d  i n  ea r l i e r  
years because of the l a c k  of s u f f i c i e n t l y  advanced d e t e c t i o n  
devices ,  Each b u r s t  las ts  from one t o  f o u r  days ,  and c o n s i s t s  
p r i m a r i l y  of p ro tons  and a lpha  p a r t i c l e s ,  a l though h e a v i e r  
p a r t i c l e s  have been detected,, Approximately 30 e v e n t s  of  
s u f f i c i e n t  i n t e n s i t y  t o  pose a poss5ble  r a d i a t i o n  hea l th  
problem t o  an a s t r o n a u t  have been observ .do The l a r  est event  

t h a n  30 MeV, 
so  far  recorded had approximately 8 x 1 0  fi protons/cm 9 greater 

Most of t h e  s o l a r  cosmic r ay  e v e n t s  tha t  have been 
seen s o  far have been d e t e c t e d  b y  r iome te r s ,  which are i n s t r u -  
ments which measure t h e  a b s o r p t i o n  of g a l a c t i c  r a d i o  no i se  
pas s ing  through the  ionosphere,  Because of  t h e  enhanced 
e l e c t r o n  d e n s i t y  produced by t h e  i o n i z i n g  p a r t i c l e s  from the 
sun, an  i n c r e a s e  i n  t h e  abso rp t ion  i s  observed when s o l a r  
cosmic r a y s  impinge on t h e  atmosphere, 

High energy pro tons  ( >  500 MeV) may produce neu t rons  
when they  are i n c i d e n t  on the atmosphere, I f  there  are 
s u f f i c i e n t  high energy p ro tons ,  an  i n c r e a s e  i n  count ing  rate 
can be observed by  ground l e v e l  neut ron  moni torse  Direct 
obse rva t ion  of t h e  i n c i d e n t  p ro tons  and o t h e r  p a r t i c l e s  has 
been made by payloads c a r r i e d  i n  ba l loons  t o  a l t i t u d e s  above 
most of the earthOs atmosphere, and i n  sounding r o c k e t s ,  

ous d i r e c t  measurements of s o l a r  cosmic r a y  p a r t i c l e s  above 
t h e  atmosphere are p o s s i b l e ,  S a t e l l i t e s  w i t h  e c c e n t r i c  o r b i t s  
w i l l .  make measurements o u t s i d e  o f  t h e  magnetosphere, which 
s h i e l d s  t h e  ear th  from many of t h e  i n c i d e n t  p a r t i c l e s ,  Although 
a l i m i t e d  amount of data on a few s o l a r  cosmic r a y  e v e n t s  has 
been obta ined  w i t h  s a t e l l i t e s  s o  far ,  s a t e l l i t e  experiments  
should provide f u t u r e  data far s u p e r i o r  t o  tha t  ob ta inab le  
w i t h  o t h e r  t echn iques ,  

S ince  the  advent o f  ear th  o r b i t i n g  sa te l l i t es ,  cont inu-  

A l l  of  t h e  s o l a r  cosmic r a y  e v e n t s  have been preceded 
by a large s o l a r  f la re  occur r ing  from 1 t o  1 2  hours  be fo re  t h e  
onset  of  t he  i o n i z i n g  r a d i a t i o n  a t  the ear th ,  S o l a r  f lares  
are i n t e n s e  b r i g h t e n i n g s  seen  a t  o p t i c a l  wavelengths i n  the 
s o l a r  chromosphere i n  a l o c a l i z e d  reg ion ,  u s u a l l y  l o c a t e d  n e a r  
a sunspot ,  The s o l a r  cosmic r a y  event; of  November 20, 1960, 
has been a s s o c i a t e d  w i t h  an i n f e r r e d  f la re  l o c a t e d  j u s t  behind 
the  west l i m b  o f  t h e  sun3, I n  a l l  o t h e r  c a s e s ,  s o l a r  cosmic 
r a y  e v e n t s  have been a s s o c i a t e d  w i t h  s o l a r  f l a r e s  on the  
v i s i b l e  hemisphere of t h e  sun, 
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I n  t h e  time i n t e r v a l  1956 t o  1960, large s o l a r  flares 
(importance c l a s s e s  2 and 3 )  occurred a t  t he  ra te  of roughly 1 
per day, and smaller f l a r e s  were seen  a t  the  rate of almost 1 0  
p e r  day, I n  the same 5 year t i m e  i n t e r v a l  only 2.5 s o l a r  
f la res  were a s s o c i a t e d  wi th  major s o l a r  cosmic r a y  events .  

Inasmuch as a method o f  p r e d i c t i n g  an imminent s o l a r  
cosmic r a y  event  i s  h i g h l y  desirable, a great e f f o r t  i s  be ing  
made t o  determine which 'solar f lares  w i l l  be followed by a 
large p a r t i c l e  f l u x ,  It has been found tha t  a f l a r e  p reced ing  
a s o l a r  cosmic r a y  event  i s  always accompanied by  an i n t e n s e  
broad band r a d i o  n o i s e  storm (Type I V  r a d i o  no i se  storm) and 
that  43% of large f la res  accompanied by  an i n t  n se  Type I V  
no i se  s torm were followed by s o l a r  cosmic r a y s  , Other f la re  
p r o p e r t i e s ,  such as t h e  f r a c t i o n  of t h e  sunspot  umbra covered 
by t h e  f la re ,  and the  r e l a t i v e  time h i s t o r y  of the  f lare  and 
the r a d i o  no i se  storm, can be  used t o  improve the c o r r e l a t i o n  
between s o l a r  f lares  and subsequent s o l a r  cosmic r a y  events .  

e 

The frequency of s o l a r  f lares ,  l i k e  o t h e r  i n d i c a t i o n s  
of s o l a r  a c t i v i t y ,  fo l lows  an approximate 11 year cyc le ,  The 
las t  maximum occurred  i n  1958, and t h e  next  maximum is  expec ted  
i n  about 1969, The pe r iod  1964-1965 corresponds t o  t h e  minimum 
i n  s o l a r  a c t i v i t y ,  and the  expected f la re  frequency i s  less  
t h a n  1/10 that  observed du r ing  t h e  maximum of solar a c t i v i t y ,  
Since a l l  s o l a r  cosmic r a y  e v e n t s  are preceded by f lares ,  
it i s  g e n e r a l l y  assumed tha t  p e r i o d s  of few s o l a r  f la res  w i l l  
have few s o l a r  cosmic r a y  even t s .  

3 . 1  S o l a r  Cosmic Ray E n e r p  Spectrum and Composition 

The energy spectrum of  s o l a r  cosmic r a y s  can be 
measured d i r e c t l y  by  n u c l e a r  emulsions flown i n  b a l l o o n s  and 
sounding r o c k e t s ,  The f l i g h t  o f  sounding r o c k e t s  i s  s o  br ie f  
tha t  only the  most i n t e n s e  p o r t i o n  of t h e  spectrum can be 
observed, while  ba l loons  are ins t rumen t s  l imi t ed  t o  r e l a t i v e l y  
h igh  energy p a r t i c l e s  because of  t he  s h i e l d i n g  of  the  
r e s i d u a l  atmosphere above t h e  ba l loon ,  I n  a d d i t i o n ,  t h e  
ear th ' s  magnetosphere d e f l e c t s  charged p a r t i c l e s  w i t h  t h e  
r e s u l t  t h a t ,  except  over t h e  magnetic p o l e s ,  t h e  low energy 
p o r t i o n  o f  the spectrum i s  missing,  Sounding r o c k e t s  and 
ba l loons  provide coverage only f o r  a few minutes and a few 
hours ,  r e s p e c t i v e l y ,  a f te r  t h e y  are launched, I n  g e n e r a l ,  
launches are made a f te r  t h e  s t a r t  of an even t  has been detected 
by o t h e r  means, s o  t ha t  these d e t e c t o r s  commonly are unavai l -  
able i n  t he  early part  of an even t ,  

The energy spectrum of  many s o l a r  cosmic r a y  e v e n t s  
has been i n f e r r e d  from the  r e l a t i v e  e f f e c t s  produced i n  
neut ron  monitors ,  which are s e n s i t i v e  t o  p ro tons  w i t h  energy 
> 500 MeV, and i n  r iome te r s  which are most s e n s i t i v e  t o  p ro tons  
having an energy of  about 30 MeV, I n  o t h e r  cases ,  the  spectrum 
i s  i n f e r r e d  from t h e  v a r i a t i o n  i n  abso rp t ion  observed b y  
r iome te r s  l o c a t e d  a t  d i f f e r e n t  geomagnetic l a t i t u d e s ,  s i n c e  
the ea r thps  magnetic f i e l d  has a d e c r e a s i n g  s h i e l d i n g  e f f e c t  
as one moves from the e q u a t o r  t o  t h e  p o l e s ,  
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It has been observed tha t  the energy spectrum of 
3 

s o l a r  cosmic rays changes s i g n i f i c a n t l y  du r ing  the course  of 
a n  even t ,  Those p a r t i c l e s  which a r r i v e  f i rs t  t e n d  t o  have a 
h ighe r  energy t h a n  those  which a r r i v e  l a t e r ,  

O r i g i n a l l y  i t  was f e l t  t h a t  at a p a r t i c u l a r  time 
dur ing  the event  the  energy spectrum of s o l a r  cosa i c  r a y s  
could be  r ep resen ted  as a power l a w  

N(> E )  = KE’” 

where E i s  t h e  p a r t i c l e  energy, N ( > E )  i s  the  number of p a r t i c l e s  
having energy greater  t h a n  E,  and k and n are a d j u s t a b l e  para- 
meters, Later it was observed t h a t  a d i f f e r e n t  va lue  of n was 
requ i r ed  f o r  high e n e r g i e s  than  f o r  low e n e r g i e s ,  and a more 
a c c u r a t e  r e p r e s e n t a t i o n  of t h  p a r t i c l e  f l u x  i s  given by  an 
exponen t i a l  r i g i d i t y  spectrum 5 

N(> R )  = Joe -R/Ro 

R i s  the  r i g i d i t y  of t h e  p a r t i c l e  

where p i s  the momentum, c i s  t h e  v e l o c i t y  of  l i g h t ,  Ze i s  the 
n u c l e a r  charge,  R and J are parameters, and N ( > R )  i s  t h e  number 
of p a r t i c l e s  havi8g a r i & d i t y  greater t h a n  R,  R dec reases  
du r ing  t h e  course of an event  cor responding  t o  t h 8  decrease  i n  
energy o f  t h e  p a r t i c l e s ,  and Jo passes through a maximum, 

The composition of s o l a r  cosmic r a y s  has been s t u d i e d  
u s i n g  n u c l e a r  e m  l s i o n s  flown i n  sounding r o c k e t s  and i n  ba l loons ,  

observed e v e n t s ?  p ro tons  and alpha p a r t i c l e s  have i d e n t i c a l  
exponen t i a l  r i g i d i t y  s p e c t r a ,  s o  t h a t  e q u a l  r i g i d i t y  i n t e r v a l s  
have e q u a l  numbers o f  p ro tons  and alpha p a r t i c l e s ,  The r e l a t i v e  
abundances of  d i f f e r e n t  p a r t i c l e s  are o f t e n  expressed  f o r  e q u a l  
energy per nucleon i n t e r v a l s ,  I f  p ro tons  and alpha p a r t i c l e s  
had i d e n t i c a l  exponen t i a l  r i g i d i t y  s p e c t r a  of t he  form of  
equa t ion  (2), with  R = 100 MV, t h e  pro ton  t o  a lpha  p a r t i c l e  
r a t i o  f o r  equa l  k i n e t i c  energyknucleon i n t e r v a l s  a t  50 MeV/ 
nucleon would be ll/l, 

F r i e r  and Webber 5 have found tha t  i n  a large f r a c t i o n  of t h e  

I n  a d d i t i o n  t o  t h e  v a r i a t i o n  that i s  observed du r ing  
the course of each even t ,  one event  d i f f e r s  from ano the r  i n  t o t a l  
f l u x ,  spectrum, and composition, I n  most c a s e s ,  t h e  s o l a r  cosmic 
r a y  p a r t i c l e s  a r r i v e  at  the  ear th  i s o t r o p i c a l l y ,  Neutron monitors  

an i so t ropy  e a r l y  i n  the event  , The d u r a t i o n  of t h i s  e f f e c t  i s  
s e v e r a l  hours  , 

i can be used t o  d e t e c t  an i so t rgpy ,  and some e v e n t s  have an apprec i ab le  



a 
1 

302  

Bai l ey '  has syn thes i zed  the  t i m e  h i s t o r y  of a t y p i c a l  
s o l a r  cosmic r a y  even t  from p ro ton  spec t r a l .  measurements f o r  
e v e n t s  occur r ing  be fo re  1961, This  s y n t h e s i s  has been adopted 
here as t h e  basis of a model s o l a r  cosmic r a y  even t ,  

The curves  given by B a i l e y  can be c l o s e l y  approximated 
by  e x p o n e n t i a l  r i g i d i t y  s p e c t r a  of t h e  form of equa t ion  (21, 
The parameters  R 
f o r  va r ious  time8 af ter  the  a s s o c i a t e d  s o l a r  f lare ,  and t h e y  
are p l o t t e d  i n  F igure  I, Proton energy s p e c t r a  corresponding t o  
t h e  e x p o n e n t i a l  r i g i d L t y  s p e c t r a  are given i n  Figure 2 ,  

and Jo f o r  such a f i t  are l i s t e d  in T a b l e  11 

Time a f t e r  f la re  
(hour s )  

112 

1 

2 

4 

8 

16 

32 

64 

2 Jo, p a r t i c l e s / c m  - 
se c- s t e r adi an ROa MV ( m i l l i o n  v o l t s )  

0,4 

3e5 

75 
lea x 10 3 

4 l e 1  x 10 

3 

4 x 1 0  4 
6 x lo4 

128 9 103 

TABLE I1 - Parameters f o r  t h e  e x p o n e n t i a l  r i g i d i t y  spectra  of the 
mode1 s o l a r  cosmic r a y  even t ,  

The r i g i d i t y  s p e c t r a  app ly  d i r e c t l y  t o  p ro tons  and 
alpha p a r t i c l e s ,  so that  there  are e q u a l  numbers of p ro tons  
and alphas i n  t h e  same r i g i d i t y  i n t e r v a l ,  Heavies  e lements  
have the same general. spectrum but  smaller i n t e n s i t i e s  as 
d i scussed  i n  s e c t i o n  3 0 3 0  
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The spectrum of p ro tons  time i n t e g r a t e d  over  t h e  
e n t i r e  event  i s  shown i n  F igure  3,  and may be r e p r e s e n t e d  by 
t h e  r e l a t i o n  

1 2  10 e-R/80 x 10 ( 3 )  

where N O R )  i s  the  number of protons/cm2 w i t h  r i g i d i t y  greater 
t h a n  R ,  i n  MV ( m i l l i o n  v o l t s ) .  The same expres s ion  a p p l i e s  
t o  a lpha  par t ic les .  

It i s  assumed that the moqel f lare  i s  a completely 
i s o t r o p i c  event .  
terms of  p a r t i c l e s / c m  
f a c t o r  of 4 t r .  

Wit3 t h i s  assumption, i n t e n s i t i e s  quoted i n  
s t e r a d i a n  o r  pa r t i c l e s / cm2  d i f f e r  by a 

3 . 3  Composition of Model Event 

Recent s t u d i e s  u s i n g  n u c l e a r  sfiulsidns hatoe shown 
that the spectrum of heavy par t ic les  i n  Solar cosmic r a y s  have 
the  same r i g i d i t y  dependence as do p ro tons  and a lpha  p a r t i c l e s .  
The r e l a t i v e  f l u x e s  of hydrogen, hel ium and h e a v i e r  e lements  
f o r  e V a l  r i g i d i t y  i n t e r v a l s  were obta ined  from the  data of  B i s w a s  

spectrum f o r  a element ,  t h e  i n t e n s i t i e s  J i n  Tab le  I1 o r  t h e  
f a c t o r  1 2  x loy8 i n  equa t ion  ( 3 )  must be muy t ip l i ed  by t h e  
a p p r o p r i a t e  r e l a t i v e  i n t e n s i t y  from T a b l e  111. 

et a1 % , and are i n  Table 111. To o b t a i n  t he  c o r r e c t  r i g i d i t y  

E l e  men t R e l a t i v e  Flux 

Hydrogen 
Helium 
Beryl l ium and Boron 
Carbon 
Nitrogen 
Oxygen 
F luor ine  
Ne on 
Sodium through Argon 

1 .. 

TABLE I11 - R e l a t i v e  f l u x e s  of v a r i o u s  e lements  i n  s o l a r  cosmic 
r a y s  f o r  e q u a l  r i g i d i t y  i n t e r v a l s .  
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304 P r o b a b i l i t y  of Event 

The p r o b a b i l i t y  of occurrence of  a s o l a r  cosmic r y 
event  as a f u n c t i o n  of i t s  s i z e  has been s t u d i e d  p rev ious ly  !j . 
The r e s u l t s  of t ha t  s tudy  are reproduced i n  Figure 4. This 
frequency curve refers  t o  the rate of occurrence of e v e n t s  
d u r i n g  a maximum of the solar cycle .  The frequency o f  e v e n t s  
i s  expected t o  be less a t  o t h e r  times, The sequences of e v e n t s  
which occurred  on August 29 and 31, 1957; on August 22 and 26,  
1958; on J u l y  10, 1 4  and 16 ,  1959; on November 12, 15,  and 20,  
1960; and i n  t h e  i n t e r v a l  J u l y  11 t o  20 ,  1961 have each  been 
t reated as s i n g l e  even t s .  The i n t e n s i t y  of t h e  composite 
has been t a k e n l e q u a l  t o  t h e  sum of t h e  i n t e n s i t i e s  of' t h e  
even t s  i n  t he  sequence, 

Numerous even t s  which were not  i nc luded  i n  t h e  s t u d y  
made i n  Reference 9 ,  have been observedlO,  
not been inc luded  because t h e i r  s i z e  estimates are less well. 
es tabl ished.  I n c l u s i o n  of these e v e n t s  w i t h  t h e  e x i s t i n g  
estimates would have no ap r e c i a b l e  e f fec t  on t h e  size-frequency 

double t he  frequency of e v e n t s  exceeding l x 10 

These e v e n t s  have 

Y curve above s i z e  of 5 x 10 8 protons/cm2, but  wo I d  approximately 
protsnsJcm*, 

With the use  of  t h e  results of Reference 9, t h e  
p r o b a b i l i t y  p e r  day, P ,  of having an event  wi th  a t o t a l  f l u x  
of p ro tons  larger t h a n  N i s  given by 

2 N < l o l o  protons/cm 

where N i s  the number of protons/cm2 w i t h  energy above 30 MeV. 
Equation ( 4 )  i s  p l o t t e d  i n  Figure 4. A pro ton  energy of 30 
MeV corresponds t o  a r i g i d i t y  of  239.2 MV. 

It  i s  assumed t h a t  t he  spectrum f o r  an event  of any 
s i z e  i s  similar t o  t h e  spectrum given i n  Sec t fon  3.2, which has 
a t o t a l  f l u x  of 6 x 109 protons/cm2 above 30 MeV, It should be 
assumed that  the i n t e n s i t i e s  a t  any time f o r  an event  of a r b i t r a r y  
s i z e  i s  p r o p o r t i o n a l  t o  the i n t e n s i t y  given i n  S e c t i o n  3 . 2 ,  

The event  s i z e s  i n  t h i s  s e c t i o n  r e fe r  t o  t h e  number 
of p r o t o n s  i n  t he  event .  I n  a l l  c a s e s ,  an e q u a l  number of a lpha  
p a r t i c l e s  wi th  t h e  same r i g i d i t y  spectrum should be used, 

305 S o l a r  E l e c t r o n s  (High Energy) 

We base the  fo l lowing  model on only one exper iment#  
that of Meyer and Vog t l l .  
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E l e c t r o n s  having e n e r g i e s  between 100 and 1300 MeV 
were d e t e c t e d  on J u l y  22,  1961, at  the same t i m e  as primary 
p ro tons  which followed the s o l a r  f lare  o $' J u l y  20. 
r e s u l t  was 3.7 f: 0,5 x e lec t rons /cm -sec-s teradian.  The 
s o l a r  co mic ray  eve t of J u l y  20 had an i n t e g r a t e d  f l u x  of 

i n t e n s i t y .  

The 

2,5 x 10 f3 protons/cm9, s o  that  t h i s  event  was of moderate 

3.6 S o l a r  E l e  c t  romagnet i c Rad.i a t  i o n  

Brief b u r s t s  ( ~ 5  minute d u r a t i o n  du r ing  s o l a r  f l a r e s )  
keV energy r eg ion  !i!3,5Pg . Flux rates of 

of s o l a r  gamma r a d i a t i o n  i n  the 20 
have been observed on two occas ions  
approximat ly 107 keV/cm2sec were measured, implying 4100 
photons/cm 5 sec .  

Thus w e  adopt as an upper l i m i t  t o  t h e  
r a y  f l u x  from a s o l a r  f lare ,  

N photon 4 3  x loo5 
N pro ton  

expected gamma 

wi th  photon energy from 0,l t o  1 .0  MeV, 

the fo l lowing  energy r a d i a t i o n ,  e s s e n t i a l l y  cont inuous i n  time, 
i s  t y p i c a l  f o r  a q u i e t  sun: 

For Lower photon e n e r g i e s  Friedman14 s,ates tha t  

Energy f l u x  at  1 a s t r o -  
nomical u n i t  (era/cm2sec) Wave l e n g t h  (Angstrom Uni t s )  

X 4 105 
4 1200 
< 1600 

E n t i r e  spectrum, i n c l u d i n g  
v i s i b l e  l i g h t  

3.7 S o l a r  Wind 

0.8 
3e8 

20,o 
6 l e 4  x 10 

The s o l a r  wind i s  the  name commonly app l i ed  t o  the  
two-component plasma which i s  observed a t  earth d i s t a n c e s  from 
the sun, It i s  a lways  p r e s e n t  except  t ha t  v a r i a t i o n s  i n  f l u x  
o f  f a c t o r s  of t e n  o r  more are measured and these c o n t r i b u t e  
t o  t h e  v a r i a t i o n s  which are observed i n  the c i s l u n a r  magnetic 
f i e l d ,  The s o l a r  wind i s  far from completely measured and 
understood a t  t h i s  time. 
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Most of t h e  r e l i ab le  measurements l6 have y ie lded  
pro ton  and e l e c t r o n  d e n s i t i e s  of t h e  o r d e r  of 10 par t ic les /cm3.  
The bulk  v e l o c i t y  i s  a ou t  3 x 107 cm/sec, i n d i c a t i n g  a f l u x  

k i n e t i c  energy of about 500 e V ,  

ment w i t h  these va lues ,  

of t h e  o r d e r  of 3 x 10 B par t i c l e s / cm2  sec and a mean protclrl 

Reports of  t he  Mariner I1 probel ' l  are i n  good agree-. 

4.0 R A D I A T I O N  TRAPPED I N  THE EARTH'S MAGNETIC FIELD 

Both p ro tons  and e l e c t r p g s  YQose e n e r g i e s  spread 
over s e v e r a l  decades are observed i n  t h e  r a d i a t i o n  b e l t s  
first d iscovered  by Van Allen,  The range of a l t i t u d e  i s  
a l s o  large, ex tending  from a few hundred k i lome te r s  t o  t e n  
o r  more ear th  r a d i i ,  

When t h e  trapped p a r t i c l e  d e n s i t y  i s  desc r ibed  i n  
ord inary  s p h e r i c a l  geographic coord ina te s  t h e r e  is cons ide rab le  
i r r e g u l a r i t y ,  owing t o  t h e  d e p a r t u r e  of the S ~ A E Q ~  of  t h e  
earthOs magnetic f i e l d  from tha t  of a simple d i p o l e ,  An 
adequate r e p r e s e n t a t i o n  of t h e  f i e l d  has been achieved by  the  
48 term expansion of Jensen and Cain2Oe Using t h i s  model 
of t he  f i e l d ,  McIlwain21 has developed the B-L c o o r d b a t e  
s y s t e m  which produces a great s i m p l i f i c a t i o n  of the t rapped  
pa r t i c l e  d e n s i t y  d e s c r i p t i o n .  Two coord ina te s  s u f f i c e :  B,  
which is  t h e  magnitude o f  the magnetic i nduc t ion ,  and L, which 
i n  a d i p o l e  f i e l d  would be t h e  e q u a t o r i a l  d i s t a n c e  t o  t h e  
f i e l d  l i n e  which i n c l u d e s  t h e  p o i n t  i n  ques t ion .  L i s  a c t u a l l y  
de f ined  i n  terms of t h e  i n t e g r a l  i n v a r i a n t  which describes 
t h e  h e l i c a l  motion of t h e  charged pa r t i c l e  as it spirals 
around a l i n e  of f o r c e  from t h e  southern  t o  t h e  n o r t h e r n  m i r r o r  
p o i n t  and r e t u r n ,  

A f u r t h e r  t r a n s f o r m a t i o n  which has been desc r ibed  
by McIlwain permi ts  a more p i c t o r i a l  d e s c r i p t i o n  of t he  p a r t i c l e  
d e n s i t y ,  T h i s  i s  a second two-dimensional d i s p l a y ,  i n  t h e  
coord ina te s  R- A of an i dea l  d i p o l e  f i e l d  when R i s  the  radial  
d i s t a n c e  €ran the c e n t e r  of' the ear th  and i s  t h e  geomagnetic 
l a t i t u d e ,  The p l o t s  of Figure 5 and 6 are i n  these coord ina te s ,  
I n  t h i s  p l o t  t h e  ear th 's  s u r f a c e  i s  rough, wi th  i r r e g u l a t i t i e s  
of a f e w  hundred k i lome te r s  as a r e s u l t  of the  t r ans fo rma t ion  
which makes the contours  of cons t an t  t r apped  p a r t i c l e  d e n s i t y  
smooth. Thus, t o  p i c t u r e  t h e  r a d i a t i o n  b e l t s ,  one first 
t ransforms t o  B-L coord ina te s  u s i n g  t h e  a c t u a l  magnetic f i e l d  
expansion and the i n t e g r a l  i n v a r i a n t  d e s c r i p t i o n  of t h e  p a r t i c l e  
motion, Next, a second t r ans fo rm t o  R- coo rd ina te s  may be 
made t o  achieve  a more i n t u i t i v e  d e s c r i p t i o n  of t h e  b e l t s ,  
T h i s  s i m p l e  t r ans fo rma t ion  i s  given by  R = L cos 2h a B = 1\.I 
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where M i s  the  d i p o l e  moment of t h e  earth's f i e l d ,  

The B-L r e p r e s e n t a t i o n  of t h e  t rapped  pa r t i c l e  f l u x e s  
Ts u s e f u l  i n  e s t i m a t i n g  t h e  r a d i a t i o n  dose r ece ived  by space 
v e h i c l e s ,  Given the  t r a j e c t o r y  i n  geographic  c o o r d i n a t e s ,  one 
t r ans fo rms  t o  B-L c o o r d i n a t e s ,  i n  which the  par t ic le  f l u x  i s  
known, Thus, even t h o s e  geographic  r e g i o n s  of t h e  v e h i c l e  
t r a j e c t o r y  where the f l u x  i s  n o t  d i r e c t l y  measured are f i l l e d  
i n  because of  t h e  c o n t r a c t i o n  from a three t o  a two d imens iona l  
d e s c r i p t i o n ,  

I n  g e n e r a l ,  the  b e l t  hazard  is  cons idered  s e r i o u s  qo r  
c e r t a i n  c i rcumstances ,  However, moderate s h i e l d i n g  ( 2  gm/cm ) , 
c a r e f u l  s e l e c t i o n  of t r a j e c t o r i e s ,  o r  fas t  passage make l u n a r  
miss ions  q u i t e  r easonab le ,  S i m i l a r l y ,  very  low o r  very  high 
a l t i t u d e  o r b i t i n g  s a t e l l i t e s  are r e l a t i v e l y  safe but  repeated 
passage through t h e  b e l t s  i n  e c c e n t r i c  o r b i t s  o r  cont inuous  
t r a v e l  i n  n e a r - c i r c u l a r  o r b i t s  at medium a l t i t u d e  i s  q u i t e  
hazardous,  For example, the  unsh ie lded  dose ra te  a t  t h e  heart 
of the b e l t s  i s  o f  t h e  o r d e r  of rads p e r  second, With 5 gm/cm2 
it  i s  s t i l l  about one rad p e r  hour ,  mostly f rom bremsstrahlung.  

The e l e c t r o n  data b i t e d  below i s  f o r  January 1, 1963. No good 
e v a l u a t i o n  o f  t h e  decay s i n c e  t h e n  i s  a v a i l a b l e ,  It i s  
dependent upon L, magnetic l a t i t u d e ,  and energy i n  a way which 
i s  n o t  w e l l  understood,  but  which is  t h e  s u b j e c t  of c o n t i n u i n g  
s tudy ,  I n  the  heart  of the  b e l t s ,  where a t ranslunar? t r a j e c t o r y  
dose i s  determined,  t h e  v a r i a t i o n  i n  t h e  past year i s  small, 
We s h a l l  i gnore  i t ,  

The decay of t h e  p r o t o n  popu la t ion  i s  e s s e n t i a l l y  n i l .  

4,1 Magnet ica l ly  Trapped Pro tons  

A s  seen  i n  F igure  5 t h e  p ro tons  are concen t r a t ed  at  
r e l a t i v e l y  low a l t i t u d e s ,  T h e i r  peak i n t e n s i t y  l i e s  n e a r  1,5 
ear th  radi i  and there have been only small v a r i a t i o n s  i n  f l u x  

noted  over  s e v e r a l  years, The p ro tons  are b e l i e v e d  by  :%.?fr t o  be t h e  r e s u l t  of neu t ron  decay above the  atmosphere,  

E x c e l l e n t  detailed R - h  p l o t s  f o r  p ro ton  e n e r g i e s  
from 40 t o  110 MeV have been pub l i shed  by McIlwain22, from which 
Figure  5 i s  adopted,  The energy s p e c t r a  are n o t  y e t  thorou@ly 
mapped but  a r e c e n t  emulsion s tudy  by Heckman and Armstrong 
g ives  u s e f u l  r e s u l t s  from South A t l a n t i c  b a l l i s t i c  missile f l i g h t s ,  
They g ive  a d i f f e r e n t i a l  spectrum which is roughly f l a t  from 10 
t o  100 MeV, t h e n  bends over  t o  about an EO2 spectrum a t  500 MeV, 

4 , 2  Magnet ica l ly  Trapped E l e c t r o n s  

The rough spa t i a l  d i s t r i b u t i o n  of e l e c t r o n s  above '0.5 
MeV i s  shown i n  Figure 6 ,  Again t h e  e x c e l l e n t  a r t i c l e  by 
McIlwain22 i s  sugges ted ,  There are two b e l t s :  the lower 
cen te red  on about 103 ear th  r a d i i  and the  o u t e r  peaked a t  about 
4 , O  eart;h radi i ,  The i n n e r  b e l t  i s  r e l a t i v e l y  free of  s h o r t  
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term f l u c t u a t i o n s  a l though there is  a slow decay wi th  a mean l i f e  
of about a month above L = 1.5, The. decay ra te  i s  somewhat 
larger a t  higher  L va lues .  The e l e c t r o n s  a t  lower L v a l u e s  (1.2 - 
2,O ear th  rad i i )  are b e l i e v e d  t o  be c h i e f l y  t h e  remnants of 
v a r i o u s  high a l t i t u d e  n u c l e a r  tests which occurred  i n  the  summer 
and f a l l  of 1962, They r e p r e s e n t  the main r a d i a t i o n  b e l t  hazard  
t o  space v e h i c l e s .  Their  s p e c t r a  has n o t  y e t  been thorou  h l y  
mapped e i the r ,  a l though  some measurements have been made2$ and 
a g e n e r a l  estimate of the spa t ia l  v a r i a t i o n  has been ske tched  
i n  q u a l i t a t i v e  terms25. 
l i k e  high energy t a i l  up t o  s e v e r a l  MeV wi th  a peak n e a r  1.5 
MeV f o r  some l o c a t i o n s .  

The s p e c t r a  i n  genepal  have a f i s s i o n -  

The o u t e r  e l e c t r o n  b e l t  i s  very  poor ly  s t u d i e d  a t  t h i s  
time, One can s a y  that the f l u x e s  are less by t w o  t o  three o r d e r s  
of magnitude t h a n  at the heart p f  t h e  i n n e r  b e l t  n e a r  the e q u a t o r ,  
The o u t e r  b e l t  f l u x  i s  r e l a t i v e l y  cons t an t  w i t h  v a r i a t i o n  i n  
magnetic l a t i t u d e  a long  a c o n s t a n t  L l i n e  i n  c o n t r a s t  t o  tha t  of 
t h e  i n n e r  b e l t  which f a l l s  off by two o r d e r s  of magnjtude or s o  
from the magnetic e q u a t o r  t o  30° l a t i t u d e .  Time f l u q t u a t i o n s  
of a f a c t o r  of  20 are observed i n  the o u t e r  b e l t  f l u x  i n  the space 
of a day o r  two. 

1112-ENs-sP HJS 
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FIGURE 1. BEHAVIOR OF EXPONENTIAL RIGIDITY 
PARAMETERS AS A FUNCTION OF TIME. 
THE SPECTRUM OF PROTONS OR ALPHA 
PARTICLES IN THE MODEL SOLAR COSMIC 
RAY EVENT IS GIVEN BY N(>R) = Joexp (-R/Ro) 
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FIGURE 2. PROTON ENERGY SPECTRUM OF THE MODEL 
SOLAR COSMIC RAY EVENT. THE NUMBER OF 
PROTONS HAVING ENERGY GREATER THAN E 
IS PLOTTED FOR VARIOUS TIMES AFTER THE 
ASSOCIATED SOLAR FLARE. 
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FIGURE 3. PROTON ENERGY SPECTRUM OF THE MODEL 
SOLAR COSMIC RAY EVENT, INTEGRATED CVER 
TIME FOR THE ENTIRE EVENT. THE NUMBER CF 
PROTCNS WITH ENERGY GREATER THAN E I S  PLCTTED 
AGAINST E. 
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FIGURE 4. NUMBER OF SOLAR COSMIC RAY EVENTS IN 2000 
DAYS (1956 - 1961) WITH SIZE GREATER THAN N. 
THE RIGHT HAND SCALE GIVES THE PROBABILITY PER 
DAY FOR THE OCCURENCE CF A N  EVENT HAVING 
A SIZE GREATER THAN N. THE DASHED LINE IS THE 
RELATION P(N) = 0.0022 ( 10-LOG10 N). 
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FIGURE 5 CONTOURS OF CONSTANT OMNIDIRECTIONAL 

PROTON FLUX (40 TO 110 MeV) - IN R- X SPACE 

SEE CE. MclLWAIN, SCIENCE 142 .I 356 (1963) 
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FIGURE 6 CONTOURS OF CONSTANT OMNIDIRECTIONAL ELECTRON 
FLUX (E Y 0.5 MeV) IN R- 
SCIENCE 142 357 (1963) 
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